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Table 9.8 SAMPLING FREQUENCIES:SRDEMONSTRATION PROJECT, CASE IT
M - CosT OF
" SAMPLES . ~ SAMPLE - UNDETECTED
SOURCE REGUIRED - ALLOKE  VIOLATIONS

{ 0 3 092752
2 =0 i: e25123
3 L0 0 00061
4 0 3 L6678
& 0 2 035770
7 0 2 04382
& 0 $. 000029
9 .0 24 0006930
10 -0 e 003165
i1 0 0. - 2,09945
12 e 2 « 16065
13. 0 3 1,45490
e 0 0 2,26727
{5 0 - 1 «00204
16 0 0 4,12032
17 0 2 «39854
18 0 $: 19847
19 - h 0 3,82261
20 -0 1 + 24557
.ee 0 2 029159
23 -0 -3 028349
24 0 0 292344
25 -0 e 004121
26 0 1 022996
27 - 0. 1 000000
28 0 3 1.44380
29 © 0 : 3,28924
30 20 4 T 919528

TOTAL RESOUPCES USED 20486.00 :
FINAL COST OF UNDFTECTE IOL T!ONS 23.55669
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Case Il

For Case Ill, it is assumed that sampling from Case Il has been inter-
rupted in the middle of a monitoring period. It is expected that Source
14 or Source 19 is contributing to poor water quality. From Table 9.8,

it is seen that neither of these sources would normally be sampled
during this monitoring period.

Table 9.9 shows the number of times the sources were assumed

sampled before the interrupt and the optimal sampling frequencies after
the interrupt. Case IlIl has shown how the priority procedure can be
used to respond to ambient monitoring reports.

Preliminary Performance Comparison

The performance of the Resource Allocation Program will be compared

with a simpler procedure that assigns sampling frequencies on the basis

of flow. The latter procedure, called the Allocation by Flow procedure,
assigns one sample to all the sources and then assigns the remaining samples,
within the budget, to the sources with largest flow.

The monitoring period used for this comparison will be the one corres-
ponding to Case Il, (i.e., months 19 through 24) where the sampling
frequencies were based on data from months 1 through 18.

The performance criteria are (i) the observed "cost” of undetected
violations and (ii) the observed number of violators. These criteria
are observed values calculated for 14 sources for a month picked at
random from the monitoring period.*

*The number of sources considered for this comparison were reduced to 14
to reduce the amount of data handling required.
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Table 9.9 SAMPLING FREQUENCIES BEFORE AND AFTER INTERRUPT:
DEMONSTRATION PROJECT, CASE III.

Times sampled Times sampled
Source before interrupt after interrupt

1 2 0

2 1 0

3 0 0

4 1 1

6 1 0

7 2 0

8 0 1

9 0 2
10 1 0
11 0 1
12 1 1
13 2 0
14 0 2
15 0 1
16 0 0
17 0 2
18 0 1
19 0 3
20 1 0
22 | 1
23 2 1
24 0 0
25 0 1
26 1 0
27 0 1
28 1 2
29 2 1
30 1 0
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The observed "cost" of undetected violations for one month is

— s
P - =1
Se ) E (9.1)
sources
where
E; = average damage due to source i
M
- L :z (observed damage on day k)
M
k=1
1- p. = observed frequency of violation of source i

= (number of days in violation) * M

S = sampling frequency for source 1.

and where M is the number of observed values of the effluent in the month.
The observed damage on day Kk is

max {a, (€o . N} (9.2)
constituents. 13
j .

where dj is the damage function for constituent j and E:Bij(k) is the
concentration of constituent j downstream from source i based on the
observed effluent value for constituent j on day k. (Note that the
assumed upstream concentration and stream parameters are the same as were
used in the priority procedure to determine the sampling frequencies.)
The observed number of violators in a month is simply

— _ S,
v = 25 (1 - Py Y (9.3)

Sources
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Table 9.10 shows the observed frequency of violation, l-;i, and the
average damage, C:L , for the various sources along with the source flow.
These values were used to calculate the observed "cost" of undetected
violations and observed number of violators. Table 9.11 compares the
sampling frequencies obtained by the Allocation by Flow method and the
Resource Allocation Program (two lower bounds on sampling frequency were
chosen for the Resource Allocation Program: zero and one.) as well as
comparing the performance criteria. The budget was assumed to be $15,000.
From Table 9.11 it is seen that the Resource Allocation Program produces a
better allocation for this example than the Allocation by flow method.
The improvement is greater for the observed "cost" of undetected viola-
tions than for the observed number of violators.

It is recommended that more comparison studies be done in the future using
larger data bases. This study was hampered by the fact that only one month

of data was used. Since samples are highly correlated, day-to-day, for

many industries, a small number of independent samples went into the calculation
of the observed damage and the observed frequency of violation. (Note that

over half the sources were either always in violation or never in

violation.) It therefore is expected that much better performance of the
Resource Allocation Program would have been shown if more months of

data were used in the comparison.
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Table 9.10 OBSERVED FREQUENCY OF VIOLATION AND AVERAGE DAMAGE

Source

Observed frequency

Observed average

Source of

flow, Ml/day violation, % damage
3 0.075 0.0 0.00
12 4.92 41.4 5.73
16 0.725 22.2 3.01
18 35.55 50.0 3.90
19 0.133 0.0 1.32
22 40.75 100.0 6.85
23 0.425 13.3 4.01
24 3.04 0.0 0.98
25 165.0 100.0 3.70
26 7.15 100.0 0.43
27 5.57 100.0 2.61
28 110.9 100.0 4.15
29 4.11 5.0 5.79
30 35.0 87.1 1.13
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Table 9.11 PERFORMANCE COMPARISON

Sampling Frequencies

Optimal O‘ptimal_
Source Allocation Allocation Allocation
By sS4 >1 Si >0

3 1 1 0

12 1 2 2

16 1 1 0

18 2 1 2

19 1 1 0

22 2 2 3

23 1 2 3

24 1 1 0

25 2 1 2

26 2 1 1

27 2 1 1

28 2 3 3

29 1 3 3

30 2 1 1

Observed "cost" of undetected
violations 19.00 17.97 17.23
Observed number of violators

caught 7.55 7.64 7.77
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SECTION XI

GLOSSARY

TERMINOLOGY

BOD - Biochemical oxygen demand.
COD - Chemical oxygen demand.

DO - Dissolved oxygen.

Kgop-Do - BOD-dissolved oxygen transfer coefficient
Damage - A measure of effect of pollutants on water quality.

Effluent Standard - A restriction on the quantities or concentrations of
constituents from an effluent source.

Monitor - The government agency having responsibility for enforcing laws
realting to the abatement of pollution.

Permit - A document or requirement regulating the discharge of pollutants.

Resources - Money required to obtain and process effluent samples obtained
during compliance monitoring.

Resource Allocation Program - Name given to procedure for setting compliance
monitoring priorities.

Source - A discharger or possible discharger of pollutants subject to effluent
standards.

Water Quality Limited Segment - A segment of a river where it is known that
water quality does not meet applicable water quality standards and which is not
expected to meet water quality standards even after the application of the
effluent limitations required by the Water Pollution Control Act.

MATHEMATICAL NOTATION
A - Maximum allowed cost of undetected violations.

a - Level of significance of a statistical hypothesis test.

B - Monitoring agency's budget.
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C - Total "cost" of undetected violations.

Ci(si) - "Cost" of undetected violations for source i.

c, . Expected danmage from all the constitutents of source i.

COij - Stream concentration at discharge point, constituent j, source i.
CUij - Upstream concentration, constituent j, source i.

CXij - Downstream concentration, constituent j, source i.

Dij - Expected damage due to constituent j, source i.

D,., - Expected damage due to constituent j, from source i into

3% stream z.

dj(.') - Damage function for constituent j.

Di B8OD Di ssol ved oxygen deficit due to BOD, source i.
Di ol Di ssol ved oxygen deficit due to COD, source i.
DOMINi BOD M ni mum DO | evel downstream from source i.
:’ij(.) - Density function of mass |oading Mij'

Yy - Paraneter denoting relative weight given conpliance data over self-
moni tori ng data.

h - Factor relating confidence in nean to nunber of neasurenents.
h, - Factor relating confidence in variance to the number of nmeasurenents.

i - Index denoting source.

j - Index denoting constituent.

k - Index denoting outfall.

%2 - Index denoting receiving water.

kn - Constant for determining the confidence in mean.

kv - Constant for deternmining the confidence in variance.
zi - Lower bound on sanpling frequency for source i.

Li - Upper bound on the sampling frequency for source i.
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Mii - Effluent mass loading, constituent j. source i.

mg}\ - Millipgrams per liter.

Ml - Ncguliﬁers.

m - Estimate of mean

4 = Mean of a random process.

; - Estimate of mean, u.

;i(-) - Marginal return function.

N = Number of sampling days in monitoring period.

n - Number of measurements or confidence in mean estimate.
ng - Number of sources.

p(+) - Probability event occurs.

Py - Probability of no violation for all constituents of source i.
pij - Probability of no violation for constituent j, source i.

pi'k‘- Probability of no violation due to constituent j, outfall k,
J source 1.

QSi - Effluent flow rate, source 1.

QUi - Upstream flow rate, source {.

Q}(i - Downstream flow rate, source 1{.

R(*) - Resources required to monitor all the sources.

ri - Resources required to monitor source i ance.

s, - Number éf times the ith source i{s sampled in monitoring period.

- Standard deviation of a random process.

(S I

- Estimate of standard deviation, 0.

~N

iy " Standard for constituent j, source 1.

v - Estimate of variance.

Vi - Event ith source is in violatiomn.
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Vi - Event ith source is not in violation.
v - Confidence in variance estimate.
x - Distance downstream from source or a random process.

y - Maximum of a set of data.

Z; - Compliance monitoring data.
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APPENDIX A

ESTIMATION OF DISTRIBUTION PARAMETERS

In this Appendix the estimation of the parameters of the normal and log-
normal probability density functions is discussed for the case where
the available data consist of the sample mean and maximum of a set of
observations. These two problems are treated in Sections A.l1 and A.2.

Section A.3 deals with the examination of the parameters when the avail-
able data consist of the maximum and the minimum value of a set of

observations.

A.1  THE NORMAL CASE

In this case the process x is assumed normally distributed with mean yu
and variance ¢?. The available data to estimate p and g is

z = [m,&] (A.1.1)

where m 1is the sample mean-and
£ = max {xl,...,xn} ; (A.1.2)

Approximate maximum likelihood estimates of u and o2 will now be
obtained.

The calculation of the likelihood function
p(m,&lu,0?) (A.1.3)

requires the joint probability density function for m and &. This
density is not obtainable in closed form. Approximate maximum like-
lihood estimates can be obtained by estimating u by m, the sample mean.
3, the estimate of o, is then that value of o that maximizes

p(Elp = m,0?%) (A.1.4)
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The above density is obtained as follows:

Prob {max(xl, ...,xn) < Eluso} = F (EZE

where

a
F(a) & [ my~ 2 X2 gy

=00

Therefore,

JGMORE -3 S

For convenience denote

x! é X -
1 T X TH
fhen
g' = max x! 'l = £ -
[ S Y |
and, hence
PE ) = 5o P
Let
' d 1 ~y2/2
f(y) = == F(y) = e -
dy van
" Denoting
¢ & & . &
(0] (o]

(A.1.10) becomes

p(& o) = nF" L(r) f(c) -;-
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(A.1.5)

(A.1.6)

(A.1.7)

(A.1.8)

(A.1.9)

(A.1.10)

(A.1.11)

(A.1.12)

(A.1.13)



= aF" 1 (r) f(c)-%

The likelihood equation 1is therefore

Do@iley - 2R 2E

L3 T 3L s (a
thch is equivalent to
%% = 0 (A
Note that
SE(C) = zf(g) (A
Thus (A.1.15) can be written as follows
m-1F2(5) £22)z - FH@E(@e? + PN = 0
(A
or
(gz-l)F_(g) - n_i (A

CE(z)

The left hand side of (A.1.18) is plotted in Figure A.1.1. Using
this figure, it is easy to determine 8, the estimate of g, given
£, uand n. This is done by obtaining, z for the given n from
Figure A.1.1, then

5 -

.1.14)

.1.15)

.1.16)

.1.17)

.1.18)

: (A.1.19)

For example, suppose n = 31, p = 5 and £ = 10. From the figure, (n-1)

= 30 implies ¢ ¥ 2.035. Thus

e s
O = 37935 7.035 © 2-46
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(n - 1)

55
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35 =

30 =

25

X
[
i

10 |-

w

1.0

1.5 2.0
r

Figure A.1.1 Plot of equation (A.1.18).
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A.2  THE LOGNORMAL CASE
In the lognormal case*, if x, are the measurements, then

¥y = &n X, LA (u,0? ) (A.2.1)

and © = [p,0] is the unknown parameter. Note that v and o are the
mean and standard deviation of the logs of the measurements rather than
of the measurements as in the normal case. Assume that the statistic
is, as before

z = [m, £] (A.2.2)

i.e., the sample mean of the measurements, m, and the largest measure-
ment

~

£ = max{xl,...,xn} (A.2.3)

The estimate of the mean of X4 is taken to be the sample mean m,
therefore

, A s
m = E{xi} = exp U+ 2——{ (A.2.4)
or

~ 02

v+ 5 = &n m (A.2.5)

The maximum likelihood estimate of o is obtained by maximizing

2
p(&lu = {an @ - =), 0) (A.2.6)

*Natural logarithms are used throughout the derivation. The final
results are given in terms of common logrithms.
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with respect to o. First, the distribution of £ is

P{max(xl,...,xn) < g} = P{max(yl,...,yn) < 2n g} (A.2.7)

- FB n £ - u
o

where F 1s the standard Gaussian distribution (A.1.6). Therefore,

denoting
0 é% (A.2.8a)
b mE-y _ 2mE-snmy (6%/2) (5.2.8b)
o o
in p +(d?/2)
o
the density of £ is
p(£lu,0) = %E F(n)
- n-1 dn
n F ~“(n) f(n)dg (A.2.9)
From (A.2.8b) one has
%% = g% (A.2.10)
Combining (A.2.9) ahd (A.2.10) yields
p(£lu,0) = 0 F*rmy £y (og)~t (4.2.11)
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The likelihood equation is, therefore

2 €no) = [a@ne?m £ ©oT

- -1
- a P m)n £(n) @08) } :—2 (A.2.12)

-a P rm) o em o2 et -0

where use has been made of (A.1.16). Also

dn _ g2 -[np+ (@D _,_n

do o2 o (A.2.13)

Inserting (A.2.13) into (A.2.12) yields the following equation for «

[(n-1) £(n) - F()In] (c - n) - F(n) =0 (A.2.14)

where n = n(o) according to (A.2.8b).

The solution & of (A.2.14) for common logarithms is presented graphic-
ally in Figure A.2.1 as a function of the number of measurements n and

10, £ = 30 and n = 30. Then p =3 and G = 0.27. The estimate uis
obtained using (A.2.5):

the ratio p between the maximum and the mean. For example, assume m =

~

I = log m - £nl10 9= = 1 -(2.3)(0.0365) = 0.916
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Figure A2.1  Maximum likelihood estimate of standard deviation from mean
and maximum in lognormal case.
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A3 ESTIMATE OF MEAN AND STANDARD DEVIATION FROM MAXIMUM AND MINIMUM

Let x;,...,%y be independent samples from a normal ..#(u,0?) distribution
and let y, = min(xl,...,xn) and yy = max(xl,....xN). Then simple
estimates of p and o can be obtained from the midrange m = (yl + yN)/2

and the range R = Yy - Y1

Estimate of Mean

The obvious estimate of the mean is the midrange. Kendall and Stuart
[A1] gives the relative efficiency of this estimate as compared

to the efficiency of the sample mean for several values of N (see
Table A.3.1).

Table A.3.1 RELATIVE EFFICIENCY OF MIDRANGE
AS AN ESTIMATE OF u

N Relative efficiency N Relative efficiency
2 1.000 10 734

4 915 20 591

6 .840 © 0

Estimate of Standard Deviation

The estimate of the standard deviation from ¥y and Yy has historically
[A2], [A3] been in the form

g = R/Cy (A.3.1)

where R is the range and Cy = E(R) where R is the range of N samples for
a 1 (0,1) distribution. & is therefore an unbiased estimate of og. A
table of Cy versus N is given in Table A.3..2 [A3].
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Table A.3.2. C, VERSUS N

Oy
N Cy N Cy
0 - 21 3.778
1 - 22 3.819
2 1.128 23 3.855
3 1.693 24 3.895
4 2.059 25 3,930
5 2.326 26 3.964
6 2.534 27 3.997
7 2.704 28 4.027
8 2.847 29 4.057
9 2.970 30 4.086
10 3.078 31 | 4.113
1 3.173 32 4.139
12 3.258 33 4.165
13 3.336 34 4,189,
14 3.407 o35 4,213
15 3.472 . 36 4.236
16 3.532 37 4,259
17 3.588 - 38 4.280
18 3.640 39 4.301
19 3.689 40 4.322
20 3.735

In [A4], the relative efficiency of this estimate is given as compared

to the efficiency of the sample standard deviation. Several values
are sihown in Table A.3.3.
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A2.

A3.

Ad.

Math. Stat., Vol. 17, 1946, pp. 377-408.

TABLE A.3.3 RELATIVE EFFICIENCY
OF THE ESTIMATE o

N Relative efficiency N Relative efficiency

2 1.000 10 0.850

4 0.975 20 0.700

6 0.933 50 0.490
REFERENCES

Kendall, M. and Stuart, A., The Advanced Theory of Statistics,
Volume 2, Hafner Publishing Company, New York, 1967.

Mosteller, G., "On Some Useful 'Inefficient’ Statistics,” Ann.

Tippett, L. H. C., "On the Extreme Individuals and the Range of
Samples Taken from a Normal Distribution,” Biometrika, Vol. 17,
1925, pp. 364-387.

Snedecor, G. W. and Cochran, W. G., Statistical Analysis,
University of lowa Press, 1972.
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APPENDIX B

INVESTIGATION OF THE CORRELATION
BETWEEN EFFLUENT CONSTITUENTS

In this appendix a procedure is presented to test for the uncorrelatedness
of normal random variables with unknown mean and unknown variance. Sub-

sequently, it is applied to data from the Palo Alto Municipal Waste Treat-
ment Plant.

B.1 THE UNCORRELATEDNESS TEST

Consider two normal random variables x, and y, from which n independent
samples x i® i =1, ..., n and Yi» i = 1, ..., n are available. The
true means and variances are unknown and can be estimated by the well-
known equations

T 1S 5 =t
x n < *y° Y= n zy:[
(B.1.1)
2 1% _ 2 2 _ 1y _an2
Sx © nz (xi %)%, Sy n>- (yi )
We want to test whether their correlation
o A E [(x - Ex) (y - Ey)]
2 2 B.1.2
[E (x - E)? B¢y - Ep 21t/ (B.1.2)
is zero or not, i.e.,
HO : p=20 (B.1.3)
vs.
Hl : p#0 (B.1.4)
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Define the sample correlation as

A 1

ns_s
xy

z (x, = %) (y; =9 (B.1.5)

It has been pointed out in Kendall and Stuart [B1] that the distribution
of this sample correlation converges very slowly to the normal and thus
a test based on the normality assumption is not accurate. The exact
test is presented next. As shown in [B1]

(B.1.6)

has a t-distribution with v = n-2 degrees of freedom. Thus the above
simple transformation enables one to test HO against H, using readily
available tables.

To illustrate the procedure, consider for example n = 30. The t

values corresponding to various values of the sample correlation r are
presented in Table B.1.1. Also, the significance levels above which

Ho would be rejected (and Hl accepted) for these values of r are given.

Table B.1.1 UNCORRELATEDNESS TEST FOR N=30 SAMPLES

r t oz
0.5 3.06 <1
0.4 2.31 3
0.35 1.99 6
0.3 1.66 11
0.25 1.37 18
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If the observed value is r = 0.35, then at 5% level of significance
(probability of error of type I) Ho would be accepted.

B.2 EXAMPLE OF UNCORRELATEDNESS TESTS FOR EFFLUENT CONSTITUENTS

Tests were run on a number of constituents from the Palo Alto
Municipal Waste Treatment Plant. The data consisted of daily composite
samples of the following

Flow

Suspended Solids

BOD (Biological Oxygen Demand)
TOC (Total Organic Carbon)
COD (Chemical Oxygen Demand)

o b 0w PE

Data was obtained from a dry month (July 1973) and a wet month

(November 1973) each with 30 samples. The correlation coefficients were
computed for the actual measurements, under the normal assumption and for
the logarithms of the measurements, under the lognormal assumption. (The
goodness of these assumptions was examined in Section V.1).

The resulting correlation coefficients are presented in Tables B.2.1
and B.2.2. An examination of these tables reveals that the sample
correlations are such that only at relatively low significance levels
(¢ ~ 1%) would the hypothesis of uncorrelatedness be accepted in some
cases. This can be seen from the uncorrelatedness test illustrated in
Table B.2.1. However, the variation of the correlation coefficients
seems to be large from season to season and no clear pattern seems to
emerge. For example, the L term (SS vs. BOD) is positive in a dry
month while in a wet month it can become negative. Also notice that
there is no appreciable difference in the correlation tests when done
under normal or lognormal assumption. The hypothesis that the effluent

constituents are highly (near unity) correlated is even less likely than
their being uncorrelated.
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Table B.2.1 SAMPLE CORRELATIONS OF THE MEASUREMENTS

Variable
Month sampled 2 3 4 5

1 0.28 0.33 0.55 0.58
2 0.46 0.39 0.62

Dry 3
? 0.43 0.50

4
0.47
1 -0.24 0.45 0.29 0.22
2 -0,19 0.27 0.25
Het 3 0.35 | 0.13
4 0.51

Table B.2.2 SAMPLE CORRELATIONS OF LOGS OF THE MEASUREMENTS

Variable
Month sampled 2 3 -4 5
1 0.30 | 0.32 0.58 | 0.60
3
bry 3 0.45 0.40 | 0.68
0.51 | 0.45
4 0.49
1 -0.24 | 0.50 0.28 | 0.23
2
Vet 3 -0.18 0.37 | 0.33
0.30 | 0.10
4 0.59
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APPENDIX C

EXPECTED DAMAGE AND PROBABILITY OF VIOLATION CALCULATIONS

C.1 INTRODUCTION

The sampling frequencies to choose, in determining whom to monitor, mini-

mize the "cost" of undetected violations. This "cost" was derived in
Section VI to be:

S,
cC = i c.1.1
Z €1 Py ( )

sources
i

where <y is the expected damage caused by the ith source, p; is the

probability that the ith source will not violate any effluent standard,

and si is the number of times the ith source is to be monitored ¢

i
equals the maximum of the expected damages due to the various constituents

F
of the it" source, or

¢y, = max Dij (C.1.2)

where Dij is the expected damage due to the jth constituent of the ith

source. p;, assuming independence between the various constituents, is
Py = ?pij (C.1.3)

where Pyj is the probability the standard on the jth constituent is not
violated. If the constituents are completely correlated, then
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p, = min p (C.1.4)
i PR

This appendix describes in detail both the calculation of the ex-
pected damage, Dij’ due to constituent j from source i and P;
the probability that constituent j, source i, does not violate its
standard. It is organized as follows: Section C.2 calculates Dij and
Py under the assumption that only one set of effluent standards is
given for the source. This corresponds to the case where there is only
one outfall or the permits are written for the combined discharge from
several outfalls. Section C.3 describes how these calculations are
generalized to the case when standards are set for many outfalls from a
single industry or municipal treatment plant. Section C.4 evaluates

certain integrals that arise often in the expected damage and probability
of violation calculation.

j

C.2 EXPECTED DAMAGE AND PROBABILITY OF VIOLATION DERIVATION:
ONE SET OF STANDARDS

This section describes the derivation of the expected damage from a
source and the probability of violation when there is either a single
outfall from the source or there are several outfalls, all to the same
river, and there is one set of standards for the total discharge from the
source. When there are several outfalls but only one set of standards

for the total effluent, the monthly self-monitoring reports are on the
total effluent, and so the several outfalls can be treated as one.

The section is divided into four subsections. The first subsection con-
siders the majority of constituents. All the calculations needed to

determine the expected damage and probability of violation for this set
of constituents are the same, pH, BOD, and temperature require slightly

different calculations, and they will be treated separately in the re-
maining subsections.
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C.2.1 Noncoupled Constituents

This subsection derives expected damage and probability of violation

for all the indicators listed in Table 6.1 except pH, temperature, and
dissolved oxygen.

Inputs

The data needed to calculate expected damage and probability of violation
are:

For source i:

P, = 1index set of pollutants

i
Uij = mean of m;ss loading of jth pollutant (kg)
Oy = standard deviation of mass loading of jth pollutant (kg)
Yij = distribution of jth pollutant--normal or lognormal
QUi = flow of stream above source (Ml/day)
QSi = effluent flow (Ml/day)

CUij = concentration of the pollutant upstream from source (mg/l)

EFST1j = effluent standard for jth pollutant (kg)

For each pollutant j:

dj (k) = concentration of pollutant when damage equals 2(k-1),
k =1, 2, .., 6.

dj (k) is the value of the abscissa of the damage function at the kth
breakpoint. The damage function breakpoints for the constituents of

interest were given in Table 6.1. The damage function of the jth pollutant
is then
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5
2(a = d,(k))
w 1
Dj(u) - — (d (k+l) - d (k)) + Z(k-l)} O(d(k).d(k"l-l),a)
k=1 ] ]
+ 10 ¢(d(6), =, a) (c.2.1)

where o 18 the concentration of pollutant and ¢ is the characteris-
tic function:

1 : X <acy
o(xo)’)a) = (C.2.2)
0 : otherwise.

Maximum Downstream Concentration

The maximum downstream concentration for the jth pollutant - ith source

is given by the conservation law:

M,, + CU,, QU
- 13 1§ 71
coij QUi ¥ Qs (c.2.3).

where Mij is the mass loading of the Jth pollutant - ith source

(Mij is a random variable with mean Myqo standard deviation 944 and
distributional form Yij) and Cuij is the concentration of the jth
pollutant upstream from the ith source. (C.2.3) can be rewritten to
yield

C -

0ij ’1“13 + bij ; (C.2.4a)
where

a, = 1/(QUi + Qsi) - (C.2.4Db)

and
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Quy
bij = CUij aﬁ;fgji;: (C.2.4c¢)

Expected Damage

The expected damage due to pollutant j from the ith source is
then
Dyy = E(Dj(COij))
= /nj(coij) ¢ij(M) dM (C.2.5)

where E(+) is the expectation operator and ¢ij is the probability
density function of the mass loading Mij' Using (C.2.4),

Dij = /Dj(aiM-l- bij) ¢1j(M) dM (C.2.6)

Combining (C.2.1) and (C.2.6),

6 Bijx
D, = Z / {eijkn+ fijk} byy () (C.2.7a)
k=1
“1jk
where
d, (k) - bi
Oy T —j_—_—iai . k=1,2, ..., 6 (C.2.7b)
d,(ktl) - b
= J 3 1ij . -
Bijk ai H k 1’ 2: cesy 5 (C27C)
© H k=6
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Zail(dj(k+l) - dj(k)) ; k=1,2,...,5
= Y
eijk (c.2.74d}
0 3 k=6 )
2(b,, - d.(k))
= iy 3 1) . -1
£ 51 CHCEVIN ) + 2(k~1) ; k =1,...,5 4
(c.2.7e)
10 : k=6
1f Qijk or Bijk are less than 0, set them to 0. (C.2.7) can be re-
written k
6
= { £ ¥
D:lj E IYi \eijk’ J'ijk’ aijk’ Bijk’ uij’ cij) (C.2.8)
= ]
k=1
where
B
I_Y(e, f, a, R, i, 0) =/ (ex + £) <pY(x) dx (C.2.9)
a
and where ¢'Y is the normal density function with mean p and variance
02 i f y «Normal, and is lognormal, with mean and variance of corres-

ponding normal distribution being u and 02, respectively, if

v = Lognormal. (C.2.9) is evaluated in Section C.4 for the normal and
lognormal cases.

Probability of a Violation

The probability that a standard for the jth pollutant i th

source
is not violated is
EFSTij
= I -0
Yij.(o’ 1, ’ EFSTij’ uij, cij) (C.2.10)
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where I, is defined in (C.2.9)

Y

c.2.2 5-Day Biochemical Oxygen Demand - BOD5

The presence of BOD in the water causes a depletion in the dissolved
oxygen (DO). The difference between the saturated level of dissolved
oxygen, DOSAT, in the water and the actual level is called the dis-
solved oxygen deficit or DO-deficit. The degree of depletion caused
by a given amount of BoD5 from a source depends on several stream para-
meters such as stream depth, flow rate, temperature, and the distance

downstream from the source. The relationship between BOD, and DO-defi-
cit can be expressed (see Section VI.1) in the form
Dmax = KBOD-DOCO (C.2.11)

where CO is the concentration o f BOD5 at the source, Dmax is the
maximum DO deficit downstream from the source, and KBOD-DO is the

BODB-DO transfer coefficient.

Inputs

The data needed to calculate the expected damage and probability of vio-
lation due to BOD is:

For source i:

My BOD ~ mean of mass loading of BOD, (kg)
°4 80D = standard deviation of mass loading of BOD5 (kg)
Yi,BOD = distribution of mass loading of BODS
CS:L po - Mmean of DO concentration of the source (mg/l)
’
{“BOD-DOi = BOD,-DO transfer coefficient
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Quy = flow of stream above source (Ml/day)
QSi = effluent flow (Ml/day)
DOSAT | = saturation level of DO in the stream (mg/l)
= oD
EFSTi,BOD effluent standard for BOD; (kg)
= i BOD .
CUi,BOD upstream concentration of 5 (mag/l)

Maximum Downstream Concentration

The concentration of BOD at the point where the outfall empties into
the stream is given by

M¢ sop T Y4 mop Wy

COi,BOD = QU + G5, (C.2.12)

The concentration of DO is similarly

o _ SBi,po By * CUy o Wy

(C.2.13)
1,D0 QU; + QS

Cu and CU are unknown and must be chosen in a way that is
i,BOD i,DO ‘
consistent with determining the sampling frequencies. It was suggested

in Section VI that they be chosen so that a given lJevel of damage will

occur when the loading Mi BOD is zero and the concentration of DO in
3

the source, CSi Do? is equal to DOSATi. Since there are two unknowns
]

and only one requirement, the upstream DO concentration, CUi DO’ shall
3

be arbitrarily set equal to DOSATi. The value of CUi will be set

BOD
H
to give the desired downstream DO concentration under zero load.

The minimum concentration of DO downstream from the source can be ap-
proximated by (see Section VI.1):

c

€O4,pomn = Ci,po T KBOD-Doi ©;,B0D (C.2.14)
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Using (C.2.12) and (C.2.13) and noting that CUi,DO = DOSAT; we obtain

Oy porIN
- - M )
CSy po @y + (DOSAT; KBon--noi CUy pop’ Wi ~ ¥gop-po L 1,800
" qU, + Q5
(€.2.15)
or
= C.2.16a
€04  poMIN 2, sop Mi,80p T P1,BoD ( )
where
- - C.2.16b
84 BOD Xs0p-p0 1/ (Quy + @s,) ( )
and

1
S S - U
by BoD @0, + B ‘: 1,00%1 ¥ (DOSATi KBOD,DOiCUi,BOD> Q i]

" {C.2.16c)

Probability of Violation

The probability that the BOD, effluent standard will not be violated is
given by (C.2.10) with j = BOD.

C.2.3 pH

pH is a measure of the acidity (alkalinity) of a solution. It is
defined as the negative of the log of the concentration+ of H ions.

pOH is defined to be the negative of the log of the concentration of OH
ions. pOH and pH are related by the equation

+ The concentration is in moles/liter.
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pOH + pH = 14 (C.2.17)

For pure water (H,0), pOH = pH = 7. pH < 7 implies an acidic solu-
tion and pH > 7 implies a basic or alkaline solution. If two acidic
solutions are combined, then the number of H+ ions is equal to the sum of
the u¥ ions from the two original solutions.* Similarly, if two basic
solutions are combined, the number of o ions add. Therefore, if, for
example, we combine X liters of an acid with pH = Py and Y liters
of an acid with pH = p2, then the concentration of # ions is

-p;

.__pz
+ Y 10 8
X + Y (C.2.18)

X 10

and the pH of the resulting solution is the negative log of this quantity.
So, as long as both the effluent and the receiving waters are both acidic

or both basic, the concentration of ions can be considered as a conserva-
tive constituent.

The standards for pH require that pH lie between two values: one above
7, the other below. The damage as measured by pH and the distri-

butions of effluent pH can also be divided into two parts: ogne for

pH > 7, the other for pH < 7. Similarly, to consider the worse case

problem, the receiving waters will be assumed to have the same quality
(acidic or basic) as the effluent.

The self-monitoring data for pH will either be (1) a monthly maximum and
minimum or (2) a monthly maximum, minimum, and mean. If the data are the
former, then the mean and standard deviation can be estimated using the
midrange and the range respectively. If they are the latter, then two sta-
tistical descriptions can be obtained, one using the mean and maximum, the
other the mean and minimum. Two standard deviations would be estimated

* We are assuming that no chemical reaction or buffering takes place.
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using the estimation technique described in Appendix A.1. The proba-
bility density function for pH would have the shape shown in Figure C.2.1.

—

l A DENSITY FUNCTION
l
|
I
|
|
|
|

pH MIN  MEAN pH MAX

Figure C.2.1 Example of probability density function of pH.

Inputs

The data needed to calculate the expected damage and probability of vio-
lation are given below. The subscript J denotes either H or OH.
The distribution of pH or pOH is assumed normal.

For source i:
Hy g = mean of PI(uygy = 14 = gy
S, = standard deviation of pJ
CUiJ = upstream concentration of J ions (Moles/I)
EFSTiJ = effluent standard for pJ
QUy = flow of stream upstream from source (Ml/day)
QS = effluent flow (Ml/day).

The damage function for pH was given in Table 6.1. It is much

easier to obtain expressions for the expected damage if the damage
function is given in units of concentration of ions. The damage
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function is therefore redefined as shown in Table C.2.1 (the damage
function is assumed linear, in concentration, between the given values)
and it is plotted in Figure C.2.2. Therefore, for J = H or OH, the
following is defined:

dJ(k) = concentration of J ions when damage equals k-1
where k = 1, 2, .., 11.

The damage function DJ(a)

10 s )
(a = d (k) l
- E J -
D(a) = E | D - ;) + (k 1)$ 2(d(k), d(k+l),

k=1
(C.2.19)
+ 10 $(d(11), =, a)
where ¢ is defined in (C.2.2).
Maximum Downstream Concentration
The maximum downstream concentration of H or OH ions is
(O] +
co, - a3 L1 Ty Wy (C.2.20)
1J Qs; + QU il
where CsiJ is the concentration of J ions in the effluent. Note
that
- -pJd
CSiJ = 10 (C.2.21)

where pJ is the pH or pOH of the effluent and is a normal random
variable. The upstream concentration is set to give the desired level
of damage under zero source load.
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TABLE C.2.1 DAMAGE FUNCTION BREAKPOINTS

Damage B jons OH ions

function

value phi conc 20H Cone
0 7.00 1.00 x 107’ 7.00 1.00 x 1077
1 6.75 1.78 x 107’ 6.50 3.16 x 107
2 6.50 3.16 x 107/ 6.00 1.00 x 10-6
3 6.25 5.62 x 107/ 5.80 158 x 107°
4 6.00 1.00 x 107° 5.60 2.51 x 107°
5 5.50 3.16 x 10°° 5 30 5.01 x 10-6
6 5.00 1.00 x 167> 5.00 1.00 x 10-5
7 4.50 3.16 x 107> 4.50 8.16 x 10-5
8 4.00 1.00 x 107 4.00 1.00 X 10-4
g 3.95 112 x 1074 3.95 1.12 x 10-4
10 3.90 1.26 x 107 3.90 1.26 x 10-4
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